The layer removal technique and the x-ray diffraction method have been employed to evaluate the residual stresses through the thickness of aluminium alloy 5083 processed by equal channel angular rolling (ECAR). ECAR is a severe plastic deformation process that introduces shear deformation to sheet metals. The process has been completed on 2 mm thick strips passed three times through die channels in a continuous manner. In this work, the profile of residual stresses was quantitatively determined. It was observed that after ECAR process, the residual stress magnitudes were changed from approximately zero in annealed condition up to half of the yield strength value of ECARed samples. The distribution of the residual stresses was found to be non-uniform through the thickness and the ECARed sample was compressive at the top surface while it was tensile at the bottom surface.
Introduction
Residual stresses are self equilibrium internal stresses that exist in manufactured parts with no external forces and constraints [1] . Equal channel angular rolling (ECAR) is a severe plastic deformation method where the material can experience large strain magnitudes [2] . In this process, the material is passed through the channel of dies without changing the crosssectional area of the strip [3] . Therefore it can be utilized in different passes to obtain ultrafine grain and desirable material properties [4, 5] .
In metal forming processes where material undergoes plastic deformation, different plastic strain deformation at the same times in different locations creates an internal stress distribution. One reason for different actual strains is due to the shape of deformation zone that exerts a strong effect on the magnitude and distribution of residual stresses.
For a material with a specific yield point, residual stresses as a pre-stress state causes a change in the yield strength [6] . In addition, the residual tensile stresses on the material surface are undesirable as it can lead to reduced fatigue life and make the material vulnerable to stress corrosion cracking [7] [8] [9] . The methods of non-destructive, destructive and semi destructive measurement can be applied to measure the residual stresses. In destructive methods such as layer removal method, the strain variation caused in relieving the residual stresses in the material is measured. For applying this method it is important to have information about the nature of the residual stresses field that is, magnitude and distribution of stresses in one, two or three directions [1] .
Considering the layer removal technique there are some assumptions for the stress field in sheets, strips, wires and plates. The stress distribution can be assumed biaxial in the plane of the sample and vary through the thickness [10, 11] or it can be uniform [12] . The layer removal technique and x-ray diffraction are applicable procedures to measure the biaxial residual stresses over the planar surface of the sheet or metal strips. The stresses on the plane of sample are assumed constant. Also this technique has been applied to determine the residual stress in thin films and coatings [13, 14] .
The residual stresses distribution has been studied for cold and hot forming processes such as extrusion, wire drawing and rolling, but the magnitude and the distribution of residual stresses in the strips and sheet metals processed by ECAR, has not been evaluated up to now.
The sheet metals are widely used in the transportation industries and it is important to know the specifications of the sheet metal such as residual stress distribution. In some of sheet products, the amount of residual stress is not considerable and a few works have been done for residual stress measurement in sheet metals produced by a forming process. Therefore the study of residual stress in ECARed materials is became a necessity. In this article, the methods of layer removal and x-ray diffraction have been utilized to determine the residual stress through the thickness in material processed by equal channel angular rolling.
Experimental Procedure

Material
In this research, a 2 mm thick sheet of aluminium alloy 5083 was used. At first, the material was cut to samples with the dimensions of 400 mm×40 mm×2 mm (length×width×thickness).
Then they were annealed at 450˚C for 1 hour before ECAR which minimized the residual stresses in the samples. The residual stress of near zero was measured after annealing. The chemical composition (in wt %) of the material is listed in Table 1 . 
Equal channel angular rolling process
A schematic of the ECAR machine used to introduce the shear deformation into metal strip is illustrated in figure 1 -a. It was equipped by two feeding rolls and dies. The thickness of the inlet and outlet channel is 2 mm. In figure 1 -b, the oblique angle (Φ) which is the intersection angle of outlet and inlet channels is 130° and the curvature angle (Ψ) is 0°. The Al strip having the initial thickness of 2 mm is fed through the feeding rolls and reduced into the 1.95 mm thick strip. After passing from the forming zone, the sample retains its initial thickness (2 mm). In the present work, the feed speed is 3 m/min and the Al strip is ECARed in three passes. The route A has been selected to do the process. In route A, the sample is fed through the channel with no rotation between the passes around the x direction.
It is assumed that the top and bottom surfaces of the sample are respectively in contact with the upper and lower dies.
Using Eq. (1) the effective strain imposed to the material per 3 passes is 1.54.
In Eq. (1) , N is the number of passes, Φ the oblique angle and K=0.975 is the thickness ratio.
This formula is obtained from the modified Segal model for calculation of shear deformation [2] . It is assumed that the dimensional change of length, width and thickness of the metal strip is negligible. The Al 5083 sample processed by ECAR at room temperature has been represented in figure 2. In order to do the layer removal, the layer thickness removed in each increment of electropolishing test was 0.2 mm. The thickness in each increment was controlled with a micrometer.
Before using the layer removal technique, the x-ray diffraction method was applied to determine the residual stress magnitudes at the surface. The stresses have been measured in each increment in longitudinal(x) and transverse (y) directions. Figure 3 shows the schematic of stress measurement by x-ray diffraction method. The PANalytical's X'Pert PRO MRD system has been applied to do the experimental measurement. Cu Kα radiation with λ = 1.54056 Å was used as x-ray source in the irradiated area of 5 mm which λ is the x-ray wavelength. The diffraction angle, 2θ ranges from 134° to 138°. For each measurement, 14 steps were employed and the exposure time for each step was 20 s to ensure the appropriate intensity. The generator tension (voltage) and current were 40 kV and 40 mA. The residual stress analysis has been done by the sin ଶ ψ technique. The angular positions of the diffraction peak were selected for positive ψ tilts of equal intervals from 0 to 50°.
Results and discussion
In order to investigate the residual stresses through the thickness, a biaxial plane stress state has been assumed and the two-angle sin ଶ ψ technique has been performed (The stress component σ 33 in z direction of the strip surface is zero). After correction for Lorentz polarization and absorption effects, the Pearson VII function was used to indicate the position, breadth and the diffracted intensity of the Kα 1 diffraction peak. Figure 4 shows the calculated residual stress σ 11 along the longitudinal direction at the top surface of the ECARed sample before the material removal in d-sin ଶ ψ plot [15] . It should be noted that the sample before the ECAR process was annealed and the residual stresses measured by XRD was approximately zero. Then, using electropolishing the material was removed for subsurface measurement. The stresses were measured in rolling direction after each layer removal at different depths from the top surface of sample.
As stressed layers of material are removed, the remaining stresses in the sample and on the exposed surface are changed [16] . Therefore, it is necessary that the subsurface residual stress measurement be corrected for the removal of prior surface layers.
For correcting the measured stresses and calculating the true residual stresses, it is assumed that the residual stresses in the flat sample depend on the distance from the top surface, except near the edges. The corrected (true) stresses σ x (z 1 ) at depth z 1 have been represented
Where σ ୶ ౣ (z ଵ ) is the measured stress at depth z 1 , H is the original thickness of the sample and z 1 is the distance from the bottom surface to uncovered depth of interest (new thickness after material removal). Figure 5 shows the biaxial plane stress during layer removal. and true stress at z 1 [1] .
In this work, the H=2 mm and the removed layer in each stage is 0.2 mm. Employing the Eqs. (2) and (3) the true residual stress along the roll direction σ 11 and the correction in the stresses were calculated. Figure 6 shows the profile of residual stress through the thickness along the longitudinal direction or roll direction. According to this figure, the profile of residual stress is not uniform and changes from the tensile condition to compressive. The residual stress on the top surface is compressive, but on the bottom surface is tensile. The maximum residual tensile stress is 123 MPa at the depth of 0.8 mm and the maximum compressive residual stress is -165 MPa at the depth of 1 mm.
In figure 6 considering the obtained results of residual stresses in last 5 increments, the probability bounds for this method of calculation get wider by increasing the depth. Where σ(z) can be the residual stresses σ 11 and σ 22 at depth z [17] . According to these results, the process of equal channel angular rolling introduce the nonuniform residual stress to the non stress annealed sample as the top surface is completely different with bottom surface. It can be assumed that when the metal strip passes through the deformation zone, the bending and then straightening deformation take place on the material.
Therefore large stress gradient exists through the material thickness before passing the sample from the die set. The region from the neutral axis to the top surface of sample is entirely tensile while it is compressive to the bottom surface. After passing the sample from the die set, the springback effect changes the stress distribution and causes the non uniform distribution of residual stresses.
As it is shown in figure 2, this difference can only be observed as the curvature due to the spring back effect in the ECARed sample which is upward. Tang [18] showed that for predicting the springback in anisotropic aluminium alloys, consideration of the Bauschinger effect is essential.
On the other hand, the surface quality of a product is determined by residual stress distribution since its presence can shorten the service life of the component when used under severe service conditions. Unlike the SPD process such as shot peening and deep rolling that only introduce compressive residual stress at the surface [19] [20] [21] , ECAR causes the different surface residual stress as the stress at the bottom surface is tensile. Therefore this distribution has to be considered in applying the ECARed sheet in service condition or latter process.
It can be said that, equal channel angular rolling introduces remarkable residual stresses to the sheet metal in comparison with other sheet metal forming such as rolling [22] . The processes of rolling, deep rolling and shot peening cannot introduce non-uniform residual stresses to the sheet the same as the ECAR process.
Combining the layer removal technique with rapid XRD in comparison with measuring the sample curvature is a simple and cost effective approach as well a good alternative for accurate evaluating the stress profiles in sheet metals such as ECARed samples [1, 6, 23] . 165 MPa, but it has been increased up to 300 MPa after 3 passes ECAR which is almost twice larger than that for the annealed ones. In addition, the effective strain imposed to the ECARed material is 1.54. This magnitude of strain could be obtained in rolling with nearly 75% reduction in thickness. Although, the residual stresses distribution (shown in figure 8) could potentially has an influence on yielding criterion, but its mechanism will be complicated and needs independent investigation. 
Conclusion
The layer removal technique and x-ray diffraction method were applied to determine the through thickness residual stresses distribution in Al sample processed by ECAR. It was shown that the presented method can be effective in determination of the residual stress profile for ECARed strip and sheet metals.
According to the results, the ECAR process introduced the non-uniform residual stress in both direction x and y to the non stress annealed sample with the maximum of compressive stress at the depth of 1 mm and tensile stress at the depth of 0.8 mm. It was expressed that the sample was compressive at the top surface and was in tension at the bottom surface in both direction x and y. The profile of residual stresses σ 22 along the transverse direction y was similar to the profile of residual stress along the longitudinal direction x, but at less magnitude.
It was also observed that the ECAR process changed the level of yielding strength almost twice larger than the annealed ones. Further investigation is suggested for studying the effect of residual stress field on yielding criterion of ECARed samples. 
